Key Words membrane protein structure, two-stage model, helices, lipid bilayer, helix interactions s Abstract Helical membrane protein folding and oligomerization can be usefully conceptualized as involving two energetically distinct stages-the formation and subsequent side-to-side association of independently stable transbilayer helices. The interactions of helices with the bilayer, with prosthetic groups, and with each other are examined in the context of recent evidence. We conclude that the two-stage concept remains useful as an approach to simplifying discussions of stability, as a framework for folding concepts, and as a basis for understanding membrane protein evolution.
INTRODUCTION
The protein folding problem has long been recognized as a major conceptual barrier to understanding the information content in genes. In particular, protein folding in aqueous environments has been the focus of considerable laboratory research and many books, articles, and meetings, but progress toward understanding the chemical processes involved has been slow. In this review, we examine whether the folding of transmembrane proteins may be more easily understood than that of soluble proteins, as a consequence of environmental constraints. Since hydrophobicity analyses suggest that membrane proteins represent more than a quarter of all proteins coded in genomes, an understanding of the principles that guide their stability and folding should prove useful (1, 2) . Our point of departure is earlier reviews in which we proposed that helical membrane protein folding can be understood in terms of two energetically distinct stages of helix insertion (3) and helix interactions (4; Figure 1 ). Others have recently published several particularly relevant reviews (5) (6) (7) (8) (9) (10) (11) (12) .
Our contention is that the lipid bilayer environment strongly limits the range of possible structures for transmembrane proteins, simplifying the folding problem. The first part of the argument, in its simplest form, is that individual helical structures are stable because (a) hydrophobic side chains make contacts with the hydrophobic region of the lipid, thus stabilizing a transbilayer location, and (b) the hydrogen bonds that form in this process are strong in a low dielectric environment. Although other structures, such as β-barrels, can satisfy these constraints, helices do so locally and with shorter constrained sequences. Many helices found in polytopic proteins may, in fact, be independently stable folding units (13) , that is, domains in the strict sense (14) . A fascinating, recent observation consistent with this concept is the manner in which bacteriorhodopsin helices can be pulled out of the membrane mechanically, either as single helices or in pairs (F Oesterhelt, D Oesterhelt, M Pfeiffer, A Engel, HE Gaub & DJ Müller, Science 288:143-46). (4), remains a good summary of our overview. Individual helices of a polytopic protein are postulated to be stable separately as domains in a lipid bilayer. Their stability as domains is a consequence of the hydrophobic effect and main-chain hydrogen bonding. Other interactions then drive side-to-side helix association, resulting in a functional protein. Specific folding energy is provided mainly by packing of the preformed helices with each other, by loop structures, and by interactions with prosthetic groups. Additionally, ion pairs and hydrogen bonds between helices are sometimes found, and general contributions are made by interactions with the lipid environment.
It is notable that helices found in membrane protein structures are mainly predictable by simple hydrophobicity searches of their amino acid sequences, even though polar amino acids may be present (15) (16) (17) . As discussed below, the sequences in all of the structures known at high resolution (except bacterial outer membrane proteins) contain largely hydrophobic stretches of 18-20 amino acids (Table 1 ; see Figure 3 ), which is consistent with the idea that they are helices making favorable contacts with the lipid bilayer. Yet, in the folded proteins, these helix-forming sequences make more contacts with other helices and with prosthetic groups than with lipid. Thus, a concept based on the hydrophobic match of individual helices to the lipid bilayer predicts helices in the largely nonlipid environment within a folded polytopic protein, giving rise to the second part of our argument, which follows.
If individual helices, formed in response to main-chain hydrogen bonding and the hydrophobic effect, retain their identities in the final folded state of polytopic proteins, then other interactions must dominate in causing their side-to-side assembly. Such interactions might include packing, electrostatic effects, prosthetic-group interactions, loops between helices, and binding to components in the aqueous environments that surround the membrane. The formation of helices (the first stage) is then separated from their assembly into folded proteins (the second stage) in terms of the dominant energy contributions (Figure 1 ). This significantly simplifies our thinking about folding, because the helices and their orientations can often be predicted from the sequences, and side-to-side interactions are constrained in 44, 184-185a 187 183 relative tilts and translations. The skeptical reader will, at this point, raise a number of challenges to the simple concept just delineated, and we explore some of them in the following review of pertinent literature. We first discuss the solvent environment of a membrane protein, including lipid bilayers. We then examine the contention that helical structures are preferred, often stable, but somewhat variable entities in the transbilayer environment. Helix interactions and other folding factors are our next topics. We conclude that the two-stage folding concept has merit, even though the picture is not so simple as suggested above. The perspectives that we have developed regarding folding also lead to notions that may be pertinent in thinking about functional states and evolution, with which we conclude our discussion.
LIPID BILAYERS AND THE MEMBRANE PROTEIN ENVIRONMENT
The fluid lipid bilayer, in which membrane proteins fold and function, has regions where distinctively different environments interact with various parts of the protein's surface, creating a set of constraints that simplify folding concepts. At the simplest level, there are three regions: the hydrophobic bilayer center, the head group layers, and the aqueous regions ( Figure 2 ). Each of these has a set of distinctive properties, which we outline briefly to establish a context for the subsequent discussion.
For simplicity, we cover separately the interrelated aspects of bilayer planar organization and profile perpendicular to the plane. A bilayer in the L α or liquid crystalline phase that is found in biological membranes is often considered a random two-dimensional liquid. This is unlikely, because the distribution of the many lipid components in a membrane can be random only if all pairwise interaction energies of the species are within thermal energies (∼0.6 kcal/mol at room temperature) of each other, an unlikely condition. Thus, it should have been expected that regions of different composition would exist and that the environments of proteins should vary, because protein-lipid interaction energies also fail to match each other across all protein and lipid species in a membrane. Experimental observations show that differential interactions can lead to significant planar separations, as seen in the "rafts" resulting from sphingomyelin-cholesterol interactions (see [18] [19] [20] .
A remarkable property of lipids is the extent to which the area per lipid molecule is conserved for a given head group. If the hydrocarbon chains in a bilayer with a given head group are varied in length, the thickness of the bilayer varies linearly with the chain length (21) . Bilayer vesicles that are subjected to osmotic stress rupture and reseal to relieve the stress, rather than thinning to increase area by >5% (22) . Small increases (∼1%) in the area of one monolayer, which are achieved by the addition of amphiphiles, cause gross shape changes in a bilayer. The conserved area arises from the balance of three regions of interaction: forces between head groups (acting to increase area per lipid), exposure of hydrophobic areas of chains to water (acting to decrease area per lipid), and the internal lateral pressure of the chains against each other (acting to increase area per lipid) (23) . Consequences include the general orientation of the chains across a bilayer and the localization of terminal methyl groups near its center. There is evidence that lateral pressure, and its variations as a function of the depth in the bilayer, may affect both membrane protein folding and function (see e.g. 23a,b and references therein).
The profile of a lipid bilayer is often represented to emphasize its nonpolar region, but an approximately equal contribution to the thickness is made by the head group layers, each of which may be 10-15Å or more, thus providing a total of >20-30Å over which a membrane protein can interact (24; Figure 2 ). The head group layers are extremely concentrated if viewed as solutions (∼500-700 mg/ml for phosphatidyl choline). Most of the water in this region is used in hydrating the head groups, so the availability of water for the hydrophobic effect or for additional hydration is decreased compared with that of bulk aqueous solution. Not only are the head group layers extensive and concentrated, but they are varied-the distribution of characteristic groups between the two layers is not equal, and the chemical variety within each layer can be considerable, including head groups with net charge, with dipoles, and with sugar groups. Given this diversity of chemistry and the diversity of proteins, it is almost certain that preferential associations of lipid species with particular proteins occur, adding to the nonrandom character in the bilayer plane and contributing to the stability of the proteins (25, 26) .
The hydrophobic region of the lipid bilayer, a layer ∼30Å thick and largely impermeable to polar molecules and ions, defines the properties of membranes as permeability barriers. It also provides the most distinctive region of solvation for membrane proteins; ionic interactions are strong over long distances in the low dielectric, the hydrophobic effect is absent, and several other distinctive properties prevail ( Table 2 ). Although often regarded as a liquid, the hydrocarbon chains are partially ordered, with pairs of ends covalently constrained to be next to each other and with their terminal methyl groups localized near the center of the bilayer. Moreover, sterols can further restrict chain motion in many membranes. However, a much larger perturbation of lipid structure is created in most membranes by the presence of transmembrane proteins, which have been estimated to occupy 20% of the lipid area of an erythrocyte membrane (27) and probably a larger fraction of mitochondrial and chloroplast inner membranes (see Table 2 ). The relatively rigid sides of the protein molecules restrict the motions of the lipid chains, and the hydrophobic thickness and polar interactions perturb the local lipid conformations and composition (26, 28) .
Much has been made of the phase behavior of lipids. Starting with the seminal work of Luzzati (e.g. 29, 30) and stimulated by the finding that phase changes can occur in biological membranes (31, 32) , a large body of literature has emerged (33) . Mostly, the focus has been the "gel-liquid crystal" or L β -L α phase transition, in which the chains adopt a regular hexagonal packing in the low-temperature phase. It seems, however, that organisms seek to avoid the L β state, suppressing it by adjusting chain length and saturation. Given the biology, it seems appropriate to set aside consideration of this aspect of lipid behavior in thinking about membrane protein folding. A more subtle and potentially important property of the hydrophobic region is the variation in fluidity that results from variations in chain length, sterol content, degree of unsaturation, and regional variation.
Finally, we come to the aqueous environment. The concentration of macromolecules in the vicinity of most membranes is high, and the aqueous spaces on the sides of the membrane differ in chemical composition, pH, and electrical potential (Table 2 ). It might be thought that these factors contribute to the stability and folding of membrane protein regions exposed to the aqueous environment as they do in the folding of soluble proteins, but there are differences that might be significant. First, the region adjacent to the membrane has gradients of composition and potential not seen in bulk solution. These arise from the transmembrane potentials as well as from the properties of the layer of charges in the characteristic groups and the adjacent influence of the low dielectric bilayer interior. Second, Goodsell (193) for the cytosol and plasma membrane of an E coli cell; calculations for the cytosol are based on Goodsell's estimates for the average size of a soluble protein and assume a 1:2.5 w/w ratio (194) of RNA to protein (194) ; calculations for the plasma membrane assume the average integral protein (often an oligomer) to comprise ∼12 transmembrane helices and to have about half of its volume buried into the membrane (cf. Reference 39); estimates published in the literature vary from 17% to 50% (reviewed in 195; see also Reference 196) .
e Note that the percolation threshold for short-range diffusion of small molecules in the membrane plane is ∼50% (see References 195, 196) .
f In pure solvent.
g For a middle-sized protein (∼50-kDa) in either pure water or pure lipids; in the cytosol and in real membranes, diffusion coefficients vary with the distance range considered; see loops in polytopic proteins are constrained to have their ends in the bilayer, perhaps positioned at a defined distance from one another. Defining the positions of its ends greatly restricts the possible conformations of a loop. Thus, we see that the environment in which membrane proteins find themselves is nonuniform and complex along an axis perpendicular to the membrane, but more homogeneous within coplanar layers. We summarize a few properties in Table 2 and show some in Figure 2 . Undoubtedly the details of this complexity influence the stability and folding of membrane proteins and must, in the end, be taken into account. It is therefore a pleasant surprise that useful insights appear to be possible when greatly simplified experimental and conceptual frameworks are adopted, as they are below.
Lipid Environment Summary
1. Bilayer profiles define a hydrophobic layer (∼30Å thick) and two concentrated head group layers (each ∼15Å thick).
2. Planar separation of regions of different lipid composition within a bilayer should be expected and is observed. Such regions vary in thickness and fluidity.
3. Lipid molecular areas tend to be conserved, and lateral forces vary across the bilayer profile.
CHARACTERISTICS OF SINGLE TRANSMEMBRANE HELICES
With knowledge of the secondary structures of bacteriorhodopsin and the photosynthetic reaction center came a general view that membrane proteins often comprise bundles of transmembrane helices (34-36) ( Figure 3 ). Since then, conceptual and modeling exercises have often assumed a set of ideal α-helices traversing the bilayer. Here we examine the properties of actual helices, to develop a more realistic view based on new structural information in the last decade.
Hydrophobicity
As mentioned in the introduction, the most conspicuous characteristic of transmembrane helices is the presence of a 15-to 20-amino-acid sequence that is, on average, hydrophobic. Hydrophobicity arises from the ordering of water by a nonpolar surface, and this property can favor association of a helix with the nonaqueous bilayer interior relative to the aqueous milieu. When hydrophobicity is assessed by any of a number of scales, the transmembrane helices of the known structures are usually identified with reasonable accuracy (see e.g. 16, 37, and references quoted in 38). However, errors of three kinds are made. First, some of the transmembrane segments in polytopic proteins have average hydrophobicities that overlap those of nontransmembrane segments, regardless of which scale or window length is used for the analysis (37, 39) . Ambiguities have to be removed either by consideration of the composition of nearby, extramembrane regions (40) or by experiment. Second, the beginning and end of a helix may not be well specified. Third, a helix tethered by a short extramembrane loop to a more hydrophobic helix (a "hairpin") may be assisted in partitioning into the membrane even though it is less hydrophobic than would be required for independent insertion (3, 41, 42 ) . The structures of helical membrane proteins that are known with enough resolution to identify the amino acids in their transmembrane regions are listed in Table 1 and shown in Figure 3 , with hydrophobic amino acids highlighted. For comparison, some of the β-barrel proteins are shown in Figure 4 . In helix searches, a moving window function is used to represent the bilayer profile, which is most often taken as a square wave of hydrophobicity, although trapezoidal and gaussian functions have been used as better representations of the water distribution (24; for a review, see 37). Some helices have longer hydrophobic regions than are required to traverse the bilayer; these may be tilted or may extend into the hydrophobic cores of domains outside the bilayer. Although most helices in the known structures are identified by hydrophobicity, it is clear from the structure of the eukaryotic lightharvesting complex (LHC-II) that other factors may influence the transmembrane structure in some cases. In the LHC-II, hydrophobic regions are identified, but appear to be partially displaced from the bilayer in the final structure, in which polar groups are buried as ion pairs involved in prosthetic group binding. Ion pairing greatly facilitates the insertion of charges into the membrane (43) .
Hydrophobicity Stabilizes Diversity
If a helix has completely hydrophobic amino acids (e.g. L, I, V), the favorable free energy of transfer from water to bilayer greatly exceeds the minimum required for stability. Thus, amino acids with unfavorable free energies of transfer or poor helix-forming propensities can be accommodated within a helix, which allows functional groups to be placed in the membrane. As mentioned above, excess stability of one helix may be used to stabilize another by forming a helical hairpin, in which two helices are connected by a short segment of polypeptide. Further, the formation of the main-chain hydrogen bonds and helical conformation can be seen as a consequence of the hydrophobic partitioning of the peptide.
π-Helix Turns
High-resolution crystal structures are rare for helical membrane proteins (Table 1) , so the apparent deviations from ideal α-helicity that are observed in several current interpretations must be confirmed at higher resolution (<2Å) before their status can be certain. Some particularly tantalizing suggestions, such as the existence of a largely disordered segment in the transmembrane core of mitochondrial cytochrome c oxidase (44) or the mixed α/β fold of the transmembrane region of the nicotinic acetylcholine receptor (45, 45b) , are examples in which improved resolution would be welcome. There are cases, however, in which current structural information leaves little doubt about the existence of local 3 10 or π conformation (helices with n ↔ n + 3 and n ↔ n + 5 main-chain hydrogen bonds, respectively, rather than n ↔ n + 4 as in α-helices, where n is the sequence number of the amino acid).
In the photosynthetic reaction centers from Rhodopseudomonas viridis, for instance, the single transmembrane helix of subunit H features, in its C-terminal region, a "π-bulge"-also called "looping out" (46, 47) or "alpha-aneurysm" (48; Figure 5 ). It is interesting that the homologous protein from Rhodobacter sphaeroides shows ideal α-helicity in the same region. In R. viridis, four residues are in position to form branched hydrogen bonds with an n ↔ n + 4/5 pattern, four hydrogen bond donors (the main-chain NH groups of residues 29-32) interacting with three hydrogen bond acceptors (the C O groups of residues [25] [26] [27] . This makes it possible for the helix to accommodate one extra residue in R. viridis as compared with R. sphaeroides, without creating a stagger between the two ends of the helix, so that its environment is not seriously perturbed either above or below the bulge ( Figure 5 ). Such a response to insertion has been induced experimentally in engineered mutants of T4 lysozyme (46, 47). In the reaction center, the presence of the bulge frees two C O groups pointing towards the periplasmic head group region, which are now unable to form hydrogen bonds with the surrounding residues Figure 5 A π -bulge compared with an α-helix. In the single transmembrane helix of the H subunit of the photosynthetic reaction center of Rhodopseudomonas viridis, a π -bulge is found (red), but the homologous region in the Rhodobacter sphaeroides H subunit is 1 amino acid shorter and has no bulge (cyan). Bulges are a variation on helical structure that may be more widespread than is usually thought (see text).
and are presumably involved in other interactions either with water molecules or with lipids.
Is the bulge in the R. viridis H helix spontaneous or induced upon interaction of the helix with the rest of the complex? Molecular-dynamics simulations of the transmembrane helix of the ErbB-2 receptor suggest that α ↔ π transitions need not be energetically very costly and that they are facilitated by the presence of β-branched side chains, which are frequent in transmembrane helices (49, 50) . Their helix-breaking potential, may be important in facilitating deviations from ideal α-helix conformation, reintroducing the concept of sequence-induced conformational propensity.
π-Bulges can also have functional roles. In the recently published 1.9-Å-resolution structure of bacteriorhodopsin (51), a π -bulge is seen in the middle of helix G, in the vicinity of the Schiff base involved in proton pumping. Here, the altered H bonding and steric profile are likely to be components of the mechanism, contributing to the organization of water molecules (see Figure 8 below ). This point is made even more clearly in a more recent higher-resolution structure (52) . Several other potential π -bulges have been identified in published membrane protein structures (53) . The identification of some of them is tentative owing to the limited resolution of the structures, but others must be real. π-Bulges provide an opportunity for polar interactions between transmembrane segments; for instance, the existence of a bulge in the single transmembrane helix of subunit VIa of beef cytochrome c oxidase may free a C O group for hydrogen bonding to the side chain of a tryptophan residue in helix VIII of subunit I, across the interface between the two 13-mers.
Three-Ten Helix
In the recent 2.7-Å-resolution structure of the core region of cytochrome c oxidase from Paracoccus denitrificans (subunits I and II), helix VII from subunit I has an extended region of transmembrane 3 10 helix covering residues 320-331 (54) . This section of the helix lies in a highly important region of the protein, where residues 325 and 326 provide two of the three histidine ligands to copper.
Deviations from ideal α-helix structure have two practical consequences: they reintroduce, in the apparently monotonous landscape of α-helix bundles, a measure of diversity and flexibility, which may be of great importance for function, and, unfortunately, they drop one more stone in the rocky garden of the model builder. Establishing a sequence-based prediction of alternative helical structures would be a very useful step, if it were possible.
Individual Amino Acid Roles
A bundle of completely hydrophobic α-helices is a very limited structure with which to accomplish transmembrane functions, so it is not surprising that more polar groups are found, including Q, N, H, D, E, R, and K. Many of these have been implicated in proton or electron transport or in binding prosthetic groups. When these groups are placed in a low dielectric environment, they are likely to be in their uncharged forms, but will nonetheless remain strongly polar. In general they are not exposed to direct contact with the lipid in the known polytopic structures, although this may be the case in the F o region of the ATP-synthase (192b) . Some may undergo functional protonation/deprotonation as for D85 and K216 in bacteriorhodopsin, or the acidic (DorE) residue in subunit c of ATP-synthases. In most cases, the net hydrophobicity of the helix still favors a transmembrane position or nearly so, based on free-energy scales. Although there are clear exceptions in various models for structures, such as the gating charges in some channel models, a generalization from the known structures is that polar groups can be included in a helix, provided either that the helix remains hydrophobic on average or that group polarity is diminished, as in the ion pairs of the LHC-II.
As previously noted, β-branched side chains I and V are accommodated (and abundant), as are G and P, even though they all tend to be helix breakers in soluble proteins. These occurrences emphasize the importance of the contribution of the hydrophobic environment to the stabilization of hydrogen bonding and helix formation-the energy from the hydrophobic effect drives helix formation and main-chain H bonding, overwhelming other unfavorable terms.
A consequence of helix formation is that the rotamers available to some side chains are restricted. A rotamer is a set of allowed rotation angles of side-chain bonds, and restriction of rotamers is a major energy factor in protein folding, mainly for entropic reasons. For example, V has only one allowed rotamer in a helix, but has three in a coil. Thus, the restriction of rotamers is partly done by the formation of the helix, reducing the additional energy needed for helix-helix interactions and contributing to specificity (see 55 for discussion of glycophorin).
The hydroxyl groups of S and T participate in shared hydrogen bonds to carbonyl groups of the polypeptide chain (56) . It is less frequently noted that the SH group in C is likewise hydrogen bonded in many cases (Figure 6 ), which is favored in Figure 6 Cysteine hydrogen bond in a transmembrane helix. An example from the structure of cytochrome oxidase (54) , showing the hydrogen bond made by the cysteine side-chain to a main-chain carbonyl, reducing the effective polarity of the SH group. The dashed line is from the sulfur atom to the carbonyl oxygen; the hydrogen would lie roughly along it.
Figure 7
Proline bend in a membrane helix. An example from the cytochrome oxidase structure (54) , showing a helix bend such as is often, but not always, induced by proline. Note the increased spacing of the main-chain turn above the proline and the carbonyl devoid of hydrogen bond. a low dielectric environment, because the net polarity is reduced. Because of this effect, S, T, and C are more hydrophobic than might otherwise be supposed. They are frequently found in transmembrane structures. P, because it has no NH group in the backbone and because one of the backbone rotation angles is locked by the ring, perturbs both the polarity and the geometry of a helix. The most common effect is to create a bend in the helix axis and leave a main-chain CO without a hydrogen-bonding partner (Figure 7) . But other alternatives are seen, including a set of local conformations of the main chain that result in a straight helix even though a P is included. An example of such a structure is seen in helix 2 of subunit L of the photosynthetic reaction center, where P92 is in a straight helical segment (56) . It is remarkable that G is so abundant in membrane helices, given its tendency to be in the nonhelical regions of soluble proteins. For examples, the fifth helix of bacteriorhodopsin has five (57, 58), as shown in Figure 8 , and the glycophorin helix has four (59). In glycophorin, two of the glycyl residues permit the close packing that stabilizes the helix dimer (60), and GXXXG motifs are abundant in other cases (60a,b).
Aromatic side chains, particularly W and Y, are often located near the boundary between the hydrophilic and hydrophobic regions of the lipid bilayer in the structure of both helical and β-barrel membrane proteins (9, 36, 61, 62, 99, 175, 189) . Statistical studies of sequence profiles for putative helices in the databases also show that these amino acids tend to partition in this region. The physical basis for an association with the transitional region of polarity is thought to be the relative polarity of the π electrons in the aromatic ring structures and, possibly, the shapes of these side chains (63) . The finding of an association of this kind and of a longitudinal amino acid variation in the hydrophobic region gives further opportunities for refining prediction methods for transmembrane helices.
The occurrence of longitudinal compositional variation raises interesting issues concerning the fit of transmembrane helices to the bilayer profile. To date, this kind of fit has been examined only approximately (64) (65) (66) . The regions of high head group concentration, the transition between head groups and hydrophobic chains, and the hydrophobic bilayer interior may each select for subpopulations of amino acids. Most intensively examined have been the bilayer interior and the interface; it remains to examine which rules may apply in the head group layers (64) . An excellent review has appeared, with careful consideration of these issues (11).
Water
As high-resolution (<2-Å) structures are determined, a number of water molecules in the transbilayer region can be identified with confidence. Two recent bacteriorhodopsin structures, one from untwinned crystals at 1.9Å (51) and the other from partly twinned crystals at 1.55Å (52) , reveal networks of waters that support function and also bridge helices (Figure 8 ). Few such waters are seen in other cases, such as the reaction center, but these structures are at a lower resolution ( Table 1 ). The presence of water molecules inside transmembrane helix bundles further increases the diversity of chemical groups available to carry out function.
Helix Dipoles
The alignment of hydrogen bond dipoles in a helix gives rise to a net separation of charge between the helix ends, the helix dipole (67) . Each end of a helix has about half a unit of charge, distributed over the end in a delocalized volume. For helix ends exposed at the membrane surface, solvation and counterion effects strongly damp the helix charge effects (68) . Placing the end of a helix in the nonpolar bilayer interior would remove these influences, creating a comparatively high free energy of transfer. Thus, it may not be surprising that lipid buried helix ends are not (to date) found. 2. These may include a limited number of polar or potentially charged groups, and C, T, and S with H bonds to the main chain.
Single-Helix Summary
3. Helix formation is driven by the hydrophobic effect and includes the restriction of side-chain rotamers.
4. Longitudinal composition varies, placing more Y and W side-chains near the transition between the hydrophobic and hydrophilic regions of the bilayer.
5. Variations in helix parameters to include regions of π and 3 10 helix need to be kept in mind, because they are observed to occur in known structures, but no reliable means of predicting them exists at this time.
6. P and G are found more commonly in membrane helices than in soluble-protein helices. As in soluble proteins, P can induce a bend in a helix axis. 7. Water can be an essential component of transmembrane bundles.
INTERACTIONS BETWEEN TRANSMEMBRANE HELICES
Given the stability of transmembrane helices in response to main-chain hydrogen bonding and the hydrophobic effect, what are the interactions that might influence their association to form a higher-order structure? Which interactions are general and which specific for folding? The major possibilities are as follows:
1. Differential lipid effects, such as the relative packing and entropy of lipids interacting with helices rather than with other lipids, may favor helix association.
2. The loops between helices constrain their location and may organize specific orientations if the loops are short or form ordered domains.
3. Specific interactions with prosthetic groups located between helices may provide a driving force. 4. Single, strongly polar interactions, such as interhelical hydrogen bonds, bridging water molecules, or ion pairs, could result in association.
Favorable Van der
Waals interactions promoted by a detailed fit between surfaces may be involved.
6. Steric clashes at helix-helix interfaces and restrictions of side-chain rotamers can be expected to act against helix interactions.
Below, we argue that, although the general energy for helix interactions may involve any or perhaps all of the above, specific associations giving rise to unique folded structures are more likely to be a property of prosthetic-group interactions and detailed steric fits of surfaces.
General Factors in Helix Interactions
A clear feature of the known structures, both of porins and of helical proteins, is a cylindrical band of hydrophobic surface that surrounds each protein (Figures 3  and 4) . The bands have dimensions that approximately match the hydrophobic dimension of a lipid bilayer, and, where lipids or detergents have been structurally visualized, they interact with these regions (Figure 9 ). That the same features are found in the subunits of complexes such as the reaction centers and the cytochrome oxidase is as expected if the subunits are individually folded in the membrane and subsequently assemble into complexes, and all known cases follow this pattern. In the two-stage model (4), the concept of matching bilayer properties is taken one step further, to the level of individual helices. In the following, we examine the idea that membrane protein folding and oligomerization can be understood in part as the side-to-side association of domains that are hydrophobically matched to the bilayer.
Helices can form right-or left-handed pairs, dictated by the spacing of side chains at their surfaces (69) (70) (71) . Left-handed pairing may be a simple crossing or the helices may wrap around each other to form a coiled coil. Left-handed supercoiling creates a contact between the helices at every 3.5 amino acids, resulting in a repeat every 7 amino acids (the heptad repeat ). In a right-handed crossing of helices, the effect is in the opposite direction; coiled coils are rare, and the contacts occur every 3.9-4.0 amino acids. In both cases the basic 3.6-amino-acid-per-turn motif and the right-handedness of each individual α-helix are maintained. In membrane proteins, both kinds of helix pairing are found (e.g. bacteriorhodopsin contains predominantly left-handed contacts, whereas glycophorin dimers are right-handed; cf Figure 3 ). Right-handed bundles appear to be frequent in channels (see below) and in ion pumps and transporters (71a-c). The supercoiling of left-handed helix pairs facilitates close helix contacts across the membrane, on the other hand, right-handed contacts facilitate interaction of straight helices at a larger crossing angle, allowing the formation of the funnel-shaped folds seen in the potassium-specific (99) and mechanosensitive (189) ion channels, in aquaporins (105) (106) (107) , and in the nicotinic acetylcholine receptor channel (45, 45a).
Folding Pathways In Vivo
A discussion of the insertion and folding pathways is beyond the scope of this article, but it should be recognized that the ideas we present suggest pathways in which helices enter the bilayer singly or in small groups. This is compatible with recent views that helices exit the translocon one or a few at a time (71d and references therein), and with translocon-independent insertion of helical hairpins (3).
The Roles of the Lipids
When helices interact, there are changes in lipid-lipid and lipid-helix interactions as well as those between the helices themselves, and each set of interactions has a number of possible energy terms. The lipid can be thought of as having two kinds of roles-general and specific.
As a general solvent, the lipids promote folding, but may not be needed to maintain the folded structure. Many membrane proteins can maintain their structure when precipitated from detergent in the absence of added lipid. The situation is reminiscent of lyophilized soluble proteins: Water is essential for folding, but folded proteins can be stable in its near-absence. If the lipids were generally responsible for stability, it should be difficult to stabilize membrane proteins in detergents or to reconstitute them in non-native lipid environments, but often it is not, and a bewildering variety of solvent environments can maintain structure in some cases (72) (73) (74) (75) (76) (77) . A general lipid effect favoring helix association, if it were dominant, might be expected to produce aggregated rafts of randomly associated helices. Further, many membrane proteins change lipid environments during cytoplasmic transport between compartments. Thus, the specific properties of lipids, such as internal pressure or surface charge density, may not be generally essential for stability.
On the other hand, examples of specific associations of individual lipids or of classes of lipids with certain proteins are rapidly accumulating, and some proteins are very particular about the lipidic company they keep. Often proteins will stand one detergent but not another and may require specific lipids to be present, and it is a common observation that complete delipidation is detrimental. It may be that specific lipids can stabilize a protein through specific interactions or shift equilibria between conformational states. In this respect, lipids may act as prosthetic groups or regulatory ligands, and examples of detailed complex formation have been found (44, 78, 79 ; C Hunte, C Lange J Keojke & H Michel, In press; Figure 9 ). Hydrophobic prosthetic groups, such as chlorophyll, carotenoids, or retinal, are known to influence folding, oligomerization, and stability of such proteins as the LHC-II or bacteriorhodopsin, and some lipids do the same. The mere fact that bound lipids may favor one protein structure over another should serve as a warning when attempting to predict the most stable structure of, say, a bundle of transmembrane helices, by using calculations in a simplified lipid environment or in vacuo. The problem is serious given that current model-building approaches, including molecular-dynamics calculations, are unable to exhaustively explore the variety of possible molecular arrangements between helices and lipids (for a review, see 12).
Loops Connecting Helices
Between the helices of polytopic proteins, loops are defined that range in size from a few amino acids to very large domains. What contributions do these parts of the structure make to stability and folding? Many proteins will assemble from fragments to form functional entities, so the entropic constraint is not always essential (see below). Calorimetric measurements show that the loops can add to the stability of bacteriorhodopsin, contributing stabilization energies comparable with the binding of retinal (80) . It is also possible that loops can destabilize the protein, as when the folding of a loop is potentiated by holding its ends in defined locations or domains are forced together during oligomerization. The loops could act either to promote or to resist folding events that bring transmembrane helices together.
Some of the key observations that led to the two-stage model concerned the sequential folding of fragments of bacteriorhodopsin, first to form helices as separate fragments in detergent or lipid and then to assemble to give a functional protein (72, 73) , which suggested that the fragments were acting as domains do in soluble proteins. This kind of observation was subsequently extended to a large variety of polytopic proteins under many conditions (Table 3) . Except for bacteriorhodopsin, whose split, reassembled form has been studied crystallographically (81) (82) (83) , characterization of the fragment complexes has been limited to observing the extent of functional recovery, which is often partial, and/or physical association. In many cases, helix-helix recognition suffices to form a folded structure, but one in which stability or functionality may be partially compromised.
Specific Factors in Helix Interactions
The dimer of the helices of glycophorin A is a known structure to which mutagenesis, modeling, energy measurements, and spectroscopic tools have been applied, and this dimer provides an opportunity to examine the interplay of structure and energy in helix interactions. The two helices form a closely packed interface that creates a right-handed dimer that is apparently stabilized by Van der Waals interactions, with little displacement of side-chain rotamers from preferred positions (60; Figure 10 ). Key interfacial residues include G, forming the motif LIxxGVxxGVxxT. Most point mutations in the interface destabilize the dimer, as seen in altered behavior in sodium dodecyl sulfate gel assays of dimerization (84) . Based on the structure, these effects can be interpreted as arising from altered Van der Waals interactions and rotamer restrictions. A quantitative, first-order calculation has been developed from the interpretation, and it appears to have predictive power (55) . Analytical ultracentrifugation and small-angle X-ray scattering give as well as experiments on integral proteins containing internal repeats (reviewed in References 116, 122, 203, 204) , and an experiment involving the reassociation of fragments Figure 10 Glycophorin helix dimer interface. The human glycophorin A transmembrane helices dimerize in lipidic environments by coordinating close Van der Waals contacts (60) . Note the excellent fit between the surfaces. In the two-stage model, the individual helices are proposed to be stable, forming the surfaces before contact is made. Thus, interactions are coordinated over the surfaces when the helices interact, whereas such coordination of contacts will not take place between the more fluid lipid and the helix surfaces.
measures of thermodynamic variables, which are in fair agreement with the calculated affinities (85, 86) . Further tests with multiple substitutions should lead to refinements in the representation and prediction of helix interactions. For this discussion, the main point is that close packing of helix surfaces inside the bilayer stabilizes the glycophorin dimer ( Figure 10 ). This result might seem surprising, except that the surfaces are largely formed by the separate helices as individually stable entities, resulting in preformed surfaces that allow Van der Waals energies to be coordinated among all points of contact. By contrast, coordination of contacts would be absent in the interfaces with the more fluid bilayer or micelle. The consequence is that good Van der Waals contacts involve a low entropy penalty of association at the helix-helix interface, whereas they do involve such a penalty at the helix-lipid interface. Thus, in this case the concept of independently stable helices explains a key feature of their assembly in a higher-order structure.
If we take an overview of the interactions that are known to be involved in the helix-helix contacts, setting aside prosthetic group and lipid interactions, we arrive at the following views based on current evidence. A dominant factor is the way that the helices fit together, guided by Van der Waals interactions and side-chain rotamers. Although interhelical hydrogen bonds had been anticipated as a source of stability, not very many have been seen so far (see e.g. 56). They are known to occur, however, in the outer membrane of E. coli, in oligomer formation from beta barrels (86a). Likewise, ion pairs are not a dominant theme to date, the only ones found so far being in the LHC-II (96) . No disulfides have been found in the bilayer region, even though C is abundant. What is the message behind these observations? An intriguing possibility is that strong, local interactions are not favored for biological reasons, perhaps including turnover and/or function.
The danger presented by the strength of hydrogen bonds or ion pairs between helices is that they can overwhelm all other interactions, potentially leading to nonspecific aggregation or misfolding (86b-d and references therein). A well known example of such a perturbation is that of the neu oncogene (86e,f). Yet, strongly polar groups are required in helices for functional reasons (e.g. 35, 96, 192b) . Thus, it may be that folding pathways and/or the presence of membrane chaperones prevent exposure of polar groups to lipids, as aqueous chaperones shield the exposure of hydrophobic groups to water. Once formed, internal H bonds or ion pairs would add significantly to the stability of helix association. Outside of the membrane, a number of proteins are known to play a role in assisting membrane protein folding (86g and references therein).
Helix-Lipid vs Helix-Helix Interactions
Early experimental data on bacteriorhodopsin and photosynthetic reaction centers (87, 88) led to a suggestion that transmembrane helix bundles might be "insideout" as compared with soluble proteins, in the sense that their outside (membraneexposed) surface is more hydrophobic than their core. Recent sequence analyses have considered the propensity of the various classes of residues for contacts with lipids vs other helices (50) . By a mathematical procedure first developed by Cornette et al (89) , contact propensity was analyzed by purely statistical methods, involving no a priori assumptions about the physicochemical properties of the residues studied. This method resulted in a scale that characterizes the propensity of the α-carbon of various types of residues to lie on either one or the other face in a large database of putative helices. An interesting outcome of these analyses is that residue distribution is not dominated by a single physicochemical parameter, such as hydrophobicity (50) . Furthermore, there is no universal scale that correctly describes the distribution of residues in any set of transmembrane helices; whereas large aliphatic residues (L, I, V) tend to be located on the same helix face, presumed to face the lipids, other residues, e.g. F or C, may be preferentially located on the same face as L, I, and V in one bank of segments and on the opposite face in another (N Ugolin, J-L Popot, C Etchebest, submitted for publication). Helix-specific constraints related to function, local environment, and perhaps biosynthetic constraints appear more important in determining residue distribution than the physicochemical properties of the side chains. Thus, a simple, unique rule is unlikely to correctly describe the variety of helix-helix packing in transmembrane bundles. A practical consequence is that attempts at predicting helix orientations based on lateral amphipathy alone are not very reliable (N Ugolin, J-L Popot, C Etchebest, submitted for publication).
Functional Perspectives
The problem of creating functionality with chemically limited helices has been mentioned above, and it is overcome in part by the inclusion of polar and prosthetic groups, and perhaps by π, 3 10 , or P-bend structures. Additionally, the helices may change their relationships to one another through translations, rotations, and changes in relative tilt. In the chemotaxis receptor (Tar), cross-linking data are best explained by a translation of one helix relative to the other (92) . The functional cycles of bacteriorhodopsin (see 93 and references therein) and lactose permease (see 5), involve relative helix motions. From the earliest consideration of helix packing (69) , it has been seen that there are many local minima in the relationships of a pair of helices produced by rotations about their long axes. For membrane helices, both right-and left-handed crossing angles are seen. Global computational-chemistry searches for favorable helix interactions in glycophorin and phospholamban reveal a number of local minima that are near one another in energy, although it is not known what the energy barriers are for moving from one to another (94, 95) . Taken as a whole, it seems that the data are beginning to indicate a role for alternative states of helix interactions in function. If this is the case, it may help to explain the relative scarcity of strong local hydrogen or ion pair bonds between helices, which would restrict such alternatives.
In some membrane proteins, such as the photosynthetic reaction centers and bacteriorhodopsin, the close packing among helices gives an interior with the density of soluble proteins, but in other cases it does not. In the LHC-II and bc 1 complexes (96, 97) , the packing is much looser, with lipid and prosthetic groups mixed among helices. The constraint of being in a bilayer means that the solvent volume containing interacting helices is small and the helices are stabilized as separate entities partially oriented relative to each other. Under these conditions, small energies can produce association, and it may be possible to have protein regions with less defined structures that are loosely held together and have many alternative helix interactions. Such structures might be useful, for example, in the escape of transmembrane helices from the secretion apparatus of the endoplasmic reticulum into the surrounding lipids (98) . The state would be analogous to the molten globule observed in the folding of some soluble proteins, in which secondary structure has formed and the structure is compact, but detailed folding has not occurred.
Escape from Bilayer Constraints
One of the challenges faced by a cell is to create polar regions that traverse the permeability barrier of the bilayer, for example in ion channels, gap junctions, and porins. The recent structure of a K + channel (99) and the earlier structures of porins (e.g. 100, 101) and siderophore receptors (79, 102, 103) reveal a recurrent feature of membrane protein design-that structures can be devised by using β-barrels or rings of helices to build barriers that sequester regions from the bilayer to permit a wider scope of structure. In the porins, the wall of β-strands allows a loop of polypeptide to form inside it, avoiding the constraints of bilayer contact. In siderophore receptors, a whole folded domain occupies the lumen of the barrel. In the K + channel, a central region enables short helices to place their ends near the center of the bilayer, where their polar character helps to lower the energy barrier for transmembrane K + movement. Gap junctions (104), aquaporins (105) (106) (107) , and the nicotinic acetylcholine receptor (45) use helical arrays to create aqueous channels.
Summary of Helix Interactions
1. Helices make closely packed right-and left-handed contacts in helical membrane proteins.
2. Packing is likely to provide the key to specific helix-helix recognition and contributes to stabilization as well.
3. Extramembrane links between helices may enhance stability, but many are not required for folding and function.
4. Weak hydrogen bonding between helices does occur, including via water molecules.
5. Strong hydrogen bonds or ion pairs may occur, but create a danger of nonspecific aggregation or misfolding.
6. The stability of individual helices facilitates their interaction in a membrane.
EXPERIMENTAL REARRANGEMENT OF STRUCTURE

Deletion or Flipping of Helices
Gene fusion experiments have been invaluable in sorting out the factors that determine the transmembrane topology of integral proteins (see e.g. 108). Five major conclusions can be drawn:
1. As a rule, deleting a C-terminal fragment from an integral protein and replacing it with a reporter protein does not affect the topology adopted by the remaining N-terminal region when the fusion protein is expressed. 2. Vectoriality signals are distributed along the sequence; transmembrane orientation and topology are not determined solely by the vectoriality of insertion of the first transmembrane segment, followed blindly by insertion in alternating orientations of the hydrophobic segments downstream (see e.g. 109, 110).
3. Transmembrane helices per se apparently contain little or no information about their orientation in the membrane, vectoriality being primarily determined by the distribution of positively charged residues in the vicinity of helix ends (111) . Genetic manipulation of the distribution of lysine and arginine residues can cause a transmembrane segment to insert with inverted vectoriality (see e.g. 109, 112-114, and references therein).
4. Depending on the extramembrane loops considered, vectoriality signals may be strong or weak; when deletions are introduced such that the orientation of the N-terminal region of MalF will be inverted, some of the downstream segments may follow suit and insert with an inside-out orientation, but the C-terminal region contains strong vectoriality signals and will not invert (109, 114) . Similar observations have been made on lac permease (115).
5. Whether a given segment will adopt a stable transmembrane position does not depend only on its hydrophobicity, but also on its environment (see 40, 108) . This is in keeping with the observation that the hydrophobicity distributions of transmembrane and extramembrane segments overlap (see above).
Together with the study of split proteins, these experiments indicate that insertion of integral protein fragments with their proper transmembrane topology can occur in the absence of the rest of the protein. They show, furthermore, that both insertion and topology can be manipulated by appropriate mutations, primarily by altering the distribution of basic residues in extramembrane segments.
Creating Redundant Helices; Deleting Internal Helices
There are now many reports of experiments in which extranumerary segments, presumed to form transmembrane helices, have been introduced into a protein without abolishing its function (reviewed in 116). This was generally achieved by reassembling fragments comprising overlapping sequence regions (bacteriorhodopsin, lac permease, α-factor receptor; cf Table 3 ), but can also be observed after internal duplication of a segment comprising several putative helices [FhuB protein (117) ]. In some cases, it is certain that the redundant helices were part of the final structure (e.g. 118, 119) , whereas in others they may be trimmed after fragment assembly (120) .
Conversely, there is at least one case in which function can be recovered by reassociating fragments that do not fully complement: stilbene disuphonate-sensitive anion transport is exhibited by complexes of N-terminal and C-terminal fragments of band 3 that, taken together, lack two of the internal helices (121; Table 3 ).
EVOLUTION
One can easily imagine that events such as those just described, were they to occur naturally, might result in a protein with extra transmembrane α-helices. Insofar as they do not interfere with folding of the functional part of the protein, these adulterations may well be tolerated. This could permit, for instance, the formation of redundant binding sites for lipophilic or hydrophilic ligands, which would serve as a starting point for subsequent evolution. Less extensive modifications, such as fusing several polytopic subunits into a single one or splitting one into several, may be neutral or may provide a basis for subsequent evolution of biosynthetic or regulatory processes. Below we describe a few cases in which evolution appears to have taken advantage of the inherent stability of transmembrane helices to reorganize transmembrane regions (further examples have been reviewed in 13, 116, 122).
Naturally Fused (or Split) Integral Membrane Proteins
Internal repeats within the sequence of some integral membrane protein families are a testimony to gene duplication and fusion. In several cases, the basic repeat or module can be found as an independent subunit in another membrane or organism (see e.g. 116, 123, and references therein). Such is the case in the bacterial plasma membrane ATP-driven carrier family. Most of these carriers comprise two polytopic subunits (MalF and MalG in the maltose system) associated with a cytosolic ATP-binding protein (reviewed in 124). Evidence has been presented for a distant homology between the two integral proteins (125, 126) . Similar situations are encountered e.g. in the FhuB protein, in the tetracycline resistance (Tet) protein, and in voltage-gated channels, all of which can be manipulated by separating modules or splicing them one to another (see e.g. 117, [127] [128] [129] [130] .
It is more interesting that polypeptides that lack internal repeats may exist in one organism or cellular compartment as a single polypeptide and in another as several separately encoded subunits (Table 3, lower part). A particularly spectacular case is that of the quinol oxidase from Sulfolobus acidocaldarius, whose single apoprotein (131) contains three regions, respectively, that are homologous to each of the three separate polytopic subunits of mitochondrial cytochrome c oxidases (132, 133) .
Additional helices at either end of the sequence of an integral membrane protein are not an exceptional feature: witness the case of cytochromes b/b 6 (Table 3) or that of cytochrome oxidase, whose subunit I contains 12 transmembrane helices in Paracoccus denitrificans and in mitochondria (44, 134) and is thought to comprise 14 transmembrane helices in the thermophilic bacterium Bacillus PS3 (135) and in B. subtilis (136; with two extra C-terminal helices) and 15 in the cytochrome o terminal oxidase complex of Escherichia coli [one extra N-terminal and two extra C-terminal helices (137) ]. There are many other cases, for instance in the family of ATP-driven bacterial carriers, in which related proteins are proposed to present partially different topologies.
Another interesting case of splitting or fusion of polytopic proteins is emerging in the field of photosynthesis. Oxygen-evolving organisms harbor two types of reaction centers (RCs), respectively associated with photosystem I (PSI) and photosystem II (PSII). The core of each type of RC is made up of a dimer of closely related proteins, D1/D2 in PSII (five transmembrane helices each, homologous to the L and M subunits of purple bacteria RCs) and PsaA/PsaB in PSI (11 transmembrane helices each). The two types of dimers differ in many respects: the nature of the prosthetic groups involved in electron transfer, the sizes of the proteins, and the fact that numerous molecules of chlorophyll (called the "core antenna") are carried by PsaA/B in PSI, and by distinct subunits (called CP43 and CP47) in PSII. There are no obvious sequence similarities between PsaA/B and D1/D2. Functional considerations nevertheless led to the proposal that both types of centers originated from a common ancestor (138, 139 ; reviewed in 140). Weak similarities in the sequences of putative transmembrane helices were proposed as evidence that the N-terminal region of PsaA/B is distantly related to CP43/CP47 (141) .
Recent structural data on the two RCs appear to support these views: (a) In the 4-Å map of the PSI RC from the cyanobacterium Synechococcus elongatus, the arrangement of the last five transmembrane helices of PsaA and PsaB and of the pigments bound to them is reminiscent of that of the L and M helices and the associated pigments in purple bacteria RCs (142-144); (b) according to recent medium-resolution three-dimensional electron microscopic data on a subcomplex of the PSII RC (145), the D1/D2 dimer appears very similar to the L/M dimer in purple bacteria RCs, as anticipated (146) , whereas the arrangement of the six transmembrane helices in CP47 resembles that of the six N-terminal antenna chlorophyll-binding helices in PsaA/B. PsaA/B therefore appear to combine into single-polypeptide helices that bind the electron transfer prosthetic groupsdistant homologs of D1/D2-and helices that carry the inner antenna chlorophylls, homologous to CP43/CP47. This conclusion has been further reinforced by recent electron microscopy projection data obtained on a PSII complex containing both CP43 and CP47 (147) . Comparison of the PSI and PSII three-dimensional structures suggests that the two blocks of helices have moved compared with each other, in the course of evolution (145) . It is not clear, from evolutionary data, whether a fusion or a splitting is more likely to have generated the two different primary structures (140) .
Removing a single helix from the middle of the sequence may become more likely once the protein is split, as seen for nicotinamide nucleotide transhydrogenase (Table 3) . We are not aware of cases in which it is clear that helices have been added to (or removed from) the middle of a full-length protein in the course of evolution. Experiments resulting in an internal helix duplication in the FhuB protein (117) or in a functional anion exchanger lacking two internal helices (121), however, indicate that such events should not be ruled out a priori.
Helix Shuffling
Successive fusion and scission events may lead to the transfer of helices from one subunit to another. [It is worth noting, in this context, that an early analysis, which deserves to be expanded now that much more structural and sequence data are available, concluded that introns present in the structural genes encoding polytopic proteins tend to be located in regions that code for extramembrane loops (148) ]. Given the limited set of residues that transmembrane segments contain, reconstructing helix shuffling between integral membrane proteins by sequence comparison may be difficult. One example does exist in the cytochrome oxidase family (see 122 and references therein).
Helix Flipping
Intuition suggests that biosynthetic constraints and functional requirements will make it both difficult and potentially counterproductive for a protein or fragment thereof to insert into a membrane with inverted vectoriality. As noted above, experimental manipulation of the distribution of basic residues has shown that the vectoriality of the insertion of a given protein can be inverted and suggests that mismatches between the orientations of the N-terminal and C-terminal ends of a protein can be created. It is therefore not impossible a priori that, for instance, duplication of a protein region that does not contain strong vectoriality signals may result in the upside-down insertion of the duplicated part.
Such a mechanism has been postulated to account for the internal homology of the lens fiber major intrinsic protein (MIP) family (149, 150) , whose six transmembrane helices (105, 106) appear to have arisen by duplication of a 3-helix module (123) . This proposal is consistent with the three-dimensional structure of aquaporins (105) (106) (107) . An interesting twist to this problem is that, as a rule, misfolded eukaryotic membrane proteins never make it from the endoplasmic reticulum to the Golgi complex (reviewed in 86f, 116, 151, 152) . One would suppose-although we are not aware of any such demonstration-that an upside-down protein stands little chance of escaping this quality control process. Presumably, it would be recognized as misfolded and degraded before ever reaching the plasma membrane, leaving nothing for evolution to act on. Note that, in the phylogenetic tree proposed for the MIP family, duplication actually predates the divergence between eubacteria and eukaryotes (149) .
Intrahelical Stagger
Throughout this discussion, we have considered helices as blocks within which insertions or deletions are forbidden. We have seen above, however, how a transmembrane helix can accommodate the insertion of an extra residue by forming a π -bulge ( Figure 5 ). Another interesting case of insertion is to be found in the homologous b and b 6 cytochromes. Two hemes are bound by cytochrome b or b 6 , each heme iron receiving as its fifth and sixth ligands nitrogen atoms from two histidine residues, one from transmembrane helix 2 and the other from transmembrane helix 4 (see EA Berry & AR Crofts, this volume). In helices 2 and 4 of cytochrome b, as well as in helix 2 of cytochrome b 6 , the two histidine residues are separated by 13 residues (about four helix turns). In helix 4 of cytochrome b 6 , however, the two histidines are separated by 14 residues (154). Recent spectroscopic data suggest that this insertion of one residue is accommodated by a local distortion without stagger and does not lead to a change in the geometry of heme liganding (155) .
Evolution Summary
Taken together, therefore, sequence data and structural data strongly indicate that, in the course of evolution, helices or bundles of helices may be split, fused, and recombined in various manners, an observation that fits with the idea that adopting a correct transmembrane topology does not (or does not systematically) depend on association with other transmembrane segments.
Domain shuffling represents a major feature in the evolution of soluble proteins or extramembrane protein regions. It may also have played an important role in the making of α-helical transmembrane regions. These regions, however, can be conceived of as having a two-tiered structural organization, which results from the independent stability exhibited by individual transmembrane helices. Domains that are shuffled around can correspond either to helix bundles with a defined geometry or to fragments thereof, down to individual helices. It may seem difficult to remove helices from an existing bundle without abolishing functionality; nevertheless, we have seen several examples of such events, resulting in the loss of (presumably outlying) transmembrane helices. Newly gained helices, on the other hand, may be retained even though initially they may not pack well with the rest of the transmembrane region.
To end on a more speculative note, it is provocative to think that, very early in evolution, miniproteins made up of a single stretch of hydrophobic residues may have played a role as prototypes of present-day integral proteins. Many reports describe the formation of ion channels by synthetic peptides that are thought to organize into hollow bundles of transmembrane α-helices (e.g. 156, 157) , and such seems to be the structure of present-day phospholamban (158) (159) (160) . Hydrophobic peptides carrying a metal-binding residue like histidine into a membrane may have represented early forms of heme-or chlorophyll-binding proteins. Today's lightharvesting antennae of purple and green bacteria consist of pigments bound to small one-helix polypeptides (161, 162) . Cytochrome b 559 , whose proposed structure comprises two such peptides liganding a heme (163) , may perhaps be considered a contemporary illustration of what early membrane-buried cytochromes may have looked like. The remarkable ability of short hydrophobic peptides to adopt a stable α-helical conformation on insertion into a lipid bilayer may lie at the root of the chance appearance and subsequent evolution of functional helix bundles and polytopic proteins.
SUMMARY OF MAIN POINTS
1. Transmembrane helices with largely hydrophobic side chains are a major theme in membrane proteins. 2. The idea that single helices are often stable transmembrane domains is consistent with a considerable body of observations.
3. The energy of the hydrophobic effect for some of the side chains in a helix can be used to drive the membrane insertion of unfavored β-branched or strongly polar side chains.
4. Side-to-side helix association is a major theme in the stability of many membrane proteins and complexes.
5. Interactions favoring specific helix associations include the coordination of favorable Van der Waals contacts over complementary surfaces and the binding of prosthetic groups.
6. Single, strong interactions through hydrogen bonds, covalent links, or ion pairs are seldom seen between helices.
7. Interactions opposing helix associations include side-chain rotamer restrictions and steric clashes.
8. Variations in helix structure can include proline-induced bends, π -helix or 3 10 helix. 9. Variation of helix-helix interactions may be a theme in functional states.
10. Arrays of helices may create interior spaces that allow inclusion of more polar entities, such as channels, gating charges, or ions.
11. The two-stage model leads to concepts that may be helpful in rationalizing membrane protein evolution.
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